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FAN AND WING FORCE DATA FROM WIND-TUNNEL INVESTIGATION OF A 

0.38-METER (15-IN. ) DIAMETER VTOL MODEL LIFT FAN 

INSTALLED IN A TWO-DIMENSIONAL WING 

by Joseph A. Yuska and James H. Diedr ich 

Lewis Research Center 

SUMMARY 

This report presents fan-assembly and wing-force data obtained from static and 
1 

crossflow tests of a 38-centimeter (15-in.) diameter l i f t  fan installed in a two- 
The basic 

objective of the investigation was  to determine l i f t  fan behavior in the crossflow environ- 
ment and to define the principal factors affecting fan performance. 
designed for a pressure ratio of 1.28 at a corrected tip speed of 299 meters per second 
(980 ft/sec). A compact, two-stage, air-driven turbine contained within the hub section 
of the fan powered the lift fan. With this arrangement, the turbine and fan exhaust flows 
were coaxial. Tests were run with and without exit louvers over a wide range of tunnel 
air speeds (crossflow velocities) from 2 1  to 73 m/sec (70 to 240 ft/sec) and a wing angle 
of attack of k15'. Other tes ts  were conducted with annular inlet vanes, discontinuities 
on the surface of the inlet bellmouth, and fences to induce fan windmilling. 

The data presented include fan-assembly axial force and wing overall forces and 
moments as measured on separate force balances, and wing-surface pressure coeffi- 
cients at midspan. The results indicated that, over the range of crossflow velocities 
tested, the axial force of the fan assembly with louvers on or off remained at roughly the 
same level at design rotational speed; and increased slightly at  70 percent of design 
speed. The annular inlet vanes and the bellmouth surface discontinuities had little effect 
on fan static and crossflow force variation. Positive windmill rotation of 2.5 percent of 
design speed was  obtained with a startup fence installed at the rear of the fan inlet. 

I 
I dimensional wing in a 2.74- by 4.58-meter (9- by 15-ft) V/STOL wind tunnel. 

The fan stage was 
I 

I NT R 0 D U CTI ON 

Design studies have indicated the feasibility of vertical -takeoff -and-landing (VTOL) 



civilian transport aircraft  using lift-fan propulsion systems (e. g. , refs. 1 to 4). Exper - 
imental investigations have demonstrated the feasibility of lift-fan performance (e. g. , 
refs. 5 to 8). However, the design of economically viable VTOL transport aircraft  will 
require advanced lift-fan system technology. Considerable research and development is 
therefore indicated in the a reas  of engine component design, lift-fan design, system 
integration, and lift-fan transition performance (refs. 9 and 10). 

on the performance of advanced-concept l i f t  fans in the transition speed range from ver- 
tical to normal wing-supported flight. Crossflow inlet distortion encountered during 
transition has an adverse affect on lift-fan performance and noise generation. There is 
also the interference effect of the interaction of the fan flow and external airflow. 

The NASA Lewis Research Center recently embarked on a research program to gen- 
erate  detailed design and performance data on advanced lift-fan concepts. An initial ex- 
perimental test project measured the detailed crossflow performance of a 38-centimeter 
(15-in.) diameter model l i f t  fan installed in a two-dimensional wing. The fan-in-wing 
model tests were conducted in a 2.74- by 4.58-meter (9- by 15-ft)V/STOL wind tunnel 
(ref. 11). 

The fan design pressure ratio was 1.28 a t  a corrected tip speed of 299 meters per 
second (980 ft/sec). A compact two-stage air-driven turbine contained within the hub 
section of the fan powered the model lift fan. High-pressure a i r  was supplied to the 
drive turbine through six struts  spanning the fan passage. With this arrangement, the 
turbine and fan exhaust flows were coaxial. 

A wing load cell balance measured the l i f t ,  drag, and pitching moment of the com- 
bined fan-in-wing model. A separate load cell balance contained within the wing mea- 
sured only the fan axial force. Pressure and temperature instrumentation installed in 
the fan passage provided measurements of fan performance and detailed data on the in- 
ternal flow distributions. 

second (70 to 240 ft/sec). The model lift fan was operated over a speed range from 70 to 
110 percent of design rotational speed. The wing angle of attack was varied *15'. Flow 
deflecting louvers were installed a t  the fan exit, and louver position was varied from 3' 
forward deflection to 40' aft deflection. 

This report presents the measured fan axial force data obtained from static and 
crossflow tests of the described fan-in-wing installation with and without flow deflecting 
louvers at  the fan exit, a s  well a s  the overall aerodynamic characteristics of the fan-in- 
wing configuration with power on and power off. The aerodynamic characteristics of the 
basic wing configuration, including midspan surface pressure coefficient data, a r e  also 
included. To obtain an indication of fan flow-induced forces, the wing and fan force com- 
ponents a r e  discussed. Investigations of fan windmill characteristics, and the effect of 
annular inlet vanes and inlet surface discontinuities on fan axial force a r e  included. 

One of the major requirements for VTOL transport aircraft  design is detailed data 

The test conditions covered the transition speed range from 2 1  to 73 meters per 
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SYMBOLS 

2 2 A fan frontal area, 0.117 m (1.263 ft ) 

C wing chord, m (ft) 

drag coefficient, D/qS 

lift coefficient, L/qS 

pitching-moment coefficient about the wing quarter chord, M/qSc 

wing surface pressure coefficient, (ps - p)/q 

cD 

cL 

cP 

* :i cM 
0 

D drag, N (lbf) 

F 

F/6A 

FD 

FL 
L 

M 

N 

N/$ 
P 

S 

T 

axial force, N (lbf) 
2 2 axial force loading, N/m (lbf/ft ) 

component of axial force in drag direction, N (lbf) 

component of axial force in l i f t  direction, N (lbf) 

lift, N (lbf) 

pitching moment about the wing quarter chord, m-N (ft-lbf) 

angular velocity, radians/sec (rpm) 

corrected angular velocity, radians/sec (rpm) 
2 2 free-stream dynamic pressure, N/m (lbf/ft ) 

wing surface static pressure, N/m (lbf/ft ) 
2 2 free-stream dynamic pressure, N/m (lbf/ft ) 

resultant force, (L2 + D2)1/2, N (lbf) 
2 2  wing planform area, m (ft ) 

free-stream total temperature, K (OR) 
fan tip speed, m/sec (ft/sec) 

2 2 

corrected fan tip speed, m/sec (ft/sec) 

crossflow velocity, m/sec (ft/sec) 

inlet vane mean line coordinates, cm (in.) 

distance along airfoil chord from leading-edge, m (ft) 

chord ratio 

airfoil ordinate, m (ft) 
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(Y wing angle of attack, deg 

exit louver position, deg 

ratio of inlet total pressure to  standard sea-level pressure of 1.01325XlO 
N/m2 (2116.22 lb/ft2) 

PL 
5 

6 

e ratio of inlet total temperature to standard sea-level temperature of 288.2 K 

resultant force angle, tan" (D/L), deg 

(518.7' R) 

4p 

MODEL AND APPARATUS 

Wing and Wing Balance 

A photograph of the fan-in-wing model installed in the 2.74-by 4.58-meter (9- by 
15-ft) V/STOL test section is shown in.figure 1. The wing spanned the 2. ?-meter (9-ft) 
height of the test section and had a 1.4-meter (4.5-ft) chord. The wing has a constant 
airfoil section along the span except in the fan area. The lower surface of the wing 
around the fan exit was modified by a fairing that covered the fan exit instrumentation. 
The fairing increased the local wing thickness ratio from 17 to  17.7 percent. Dimen- 
sions including the fairing and coordinates for the modified NACA 653 A(218)-217 airfoil 
section are shown in figure 2. Twenty-four static pressure taps were placed along the 
wing chord at mid-span as shown in figure 2. 

The wing was constructed entirely of steel. The wing surfaces were formed from 
0.318-centimeter (0.125-in.) thick steel plates attached with screws to the load-carrying 
members. The screw heads were flush or below the surface. Joints between surface 
plates were flush and smooth with a 0.076-centimeter (0.030-in.) maximum gap between 
joints. The wing surface tolerance was *O. 038 centimeter (0.015 in.) from the true sur- 
face, and the surface waviness was not more than 0.003 unit per unit of surface length. 

The fan-in-wing model was attached to  a wing balance that measures overall model 
lift, drag, and pitching moment. Figure 3 is a sketch of the wing balance showing per- 
tinent dimensions. The model was suspended from the upper frame structure and bal- 
anced level and true vertical. One end of the load cell links was grounded to the tunnel 
structure and the active end was attached to the wing structure. Three load cell links 
were used to measure wing l i f t  and moment, and two load cell links were used to  mea- 
sure wing drag. Supporting the balance from the tunnel produced fluctuating load cell 
readings caused by wing and tunnel vibrations. Electric filters were used to provide a 
steady mean value of the load cell output. With the load cell ranges shown in figure 3, 
the load capacity of the balance is 
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A- Lfift, N (Ibf) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  rt40 034 (19000) 
= Drag, N (lbf). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  14448 (=klOOO) 

Moment, m-N (ft-lb). . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  16440 (rt4750) - -  
L 

- ._ The wing angle of attack was remotely varied over a range of *15'. 

Fan and Dr ive T u r b i n e  Character ist ics 

The fan-in-wing installation is shown in figure 4. The fan thrust axis was located 
a t  the midspan of the wing a t  the position of maximum thickness (40 percent chord). The 
fan assembly shown in figure 4 was attached to a balance system within the wing. The 
fan balance consists of three 2224-newton (500-lbf) load cells equally spaced on a 57.2- 
centimeter (22.5-in.) diameter circle. The balance measured the combined axial force 
of the fan and turbine. Drive a i r  was supplied from both sides of the wing. The fan bal- 
ance was calibrated with the turbine drive air lines pressurized. 

Figure 5 shows a c ross  section of the model lift fan. The fan rotor tip diameter was 
38.6 centimeter (15.2 in.), and the stage exit diameter was  37.5 centimeters (14.78in.). 
The diameter of the fan inlet bellmouth at  the wing junction was 55.9 centimeters 
(22.0 in.). The fan inlet bellmouth was contoured flush with the wing upper surface. 
The fan hub protruded from the wing lower surface as shown in figure 5. The inlet and 
exit flow area of the fan stage were 0.092 square meter ( 0.990 f t  ) and 0.081 square 

2 meter (0.868 ft ), respectively. The fan rotor had 35 blades which were made from 
18 Nickel-200 maraging steel. Two 0.152-centimeter (0.060-in.) diameter damper 
wires located a t  60 percent of the passage height from the hub provided sufficient damp- 
ing to prevent blade flutter and reduce blade vibration. Six instrumentation rakes equally 
spaced circumferentially were located behind the rotor and at  the duct exit. The fan 
passage area was adjusted to account for the local blockage presented by the instrumen- 
tation. The fan design characteristics a r e  summarized in table I. For the fan design, 
the inlet total pressure was 1.0132XlO newtons per square meter (2116 lb/ft ), the 
inlet total temperature was 300 K (540' R), and the exit static pressure was equal to the 
ambient static pressure. 

The fan drive was a compact, two-stage supersonic turbine contained in the fan hub. 
The turbine was scaled from a previous NASA design reported in references 1 2  and 13. 
The turbine had a mean diameter of 13.7 centimeters (5.4 in.) and developed 511 kilo- 
watts (685 hp) to drive the fan at  design conditions. The turbine was driven by high- 
pressure a i r  supplied through six equally spaced struts (12.5 percent thickness ratio) 
spanning the fan passage (fig. 5). The struts connected the inner and outer 360' plenums. 
With this arrangement, the fan and turbine exhaust flows were coaxial. The turbine 
design speed point corresponded to 105 percent of fan design speed. The drive turbine 
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design characteristics a re  summarized in table II. At fan design speed, the turbine 
thrust was 25 percent of the total axial force. For the drive turbine, corrections to 
standard conditions a r e  based on turbine-inlet conditions. 

For some tests,  exit louvers were mounted on the wing a s  shown in figure 6. For 
this installation, the louver forces  appeared only on the wing balance and not on the fan 
balance. The exit louvers covered both the fan and drive turbine exhaust. The exit 
louvers were capable of remotely vectoring the fan and drive turbine thrust from 3' for- 
ward (negative louver angle of attack) to 40' aft (positive louver angle of attack). Fig- 
ure 7 is a sketch of the exit louvers including installation details and airfoil section coor- 
dinates. 

TESTS 

P roced u res 

The general test procedure was to first bringthe tunnel up to speed and set the de- 
sired level of dynamic pressure in the test section. The tunnel was allowed to stabilize 
for several minutes while the desired values of wing angle of attack, fan speed, and 
louver position were established. The time to acquire data for a single test point was 
typically about 25 seconds. During the data acquisition period, test conditions were 
stabilized through the individual control systems for each of the preceding parameters. 
The fan speed generally fluctuated somewhat during the data acquisition time. Over the 
speed range, the variation was *5.24 radians per second (*50 rpm) which was only a *O. 3 
percent variation of the design speed. 

Static performance tests on the model lift fan were generally performed with the fan 
axis parallel to the tunnel axis and the inlet of the fan facing upstream. This orientation 
was used to achieve the least distortion of flow a t  the fan inlet. The tunnel circuit was 
vented to the atmosphere during static testing to minimize recirculation of the fan ex- 
haust. 

per square meter (6 to 60 lb/ft ), at  wing angles of attack between *15', at louver posi- 
tions from -3' to +40°, and over the range of fan speeds from 70 to 110 percent design 
speed. 

Tests  were performed at tunnel dynamic pressures  ranging from 287 to 2870 newtons 
2 

Data Accuracy and Repeatability 

Table 111 lists the accuracy values obtained from calibration tests. Repeat tests with 
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___ - =-essentially identical conditions also indicated that the data were repeatable within the 
s a m e  range of values. 

The force data presented in this report were not corrected for tunnel wall interfer- 
ence because the tunnel walls were slotted to minimize wall interference effects 
(ref. 11). 

RESULTS AND DISCUSSION 

The results obtained from the tests a r e  presented in four main sections. The first 
deals with the axial force characteristics of the fan assembly in static and crossflow 
conditions. The second section presents overall aerodynamic results, forces, and 
moments of the basic wing and the fan-in-wing configuration. The third section contains 
force comparisons between the fan and wing measurements. Additional investigations 
conducted with inlet vanes, inlet surface discontinuities and in-flight startup devices 
are discussed in the fourth section. The wing surface pressure coefficients a r e  pre- 
sented in the appendix. 

Fan Character is t ics  

This section of the report presents the axial force data obtained from the fan bal- 
ance measurements (fig. 4) for the fan-in-wing configuration with and without louvers. 
For the static tests of the louvers-off configuration, the fan balance measured a force 
that was around 5.5 percent less  than the true thrust of theentire fan assembly. This 
difference was due to fan-generated lift forces that act on the upper wing surface not 
attached to the fan balance. For the louvers-on configuration, the louvers were not 
attached to the fan balance; hence, the balance measurement continued to be propor - 
tional to fan gross  thrust (the thrust losses introduced by thelouvers did not appear on 
the fan balance). Therefore, for both configurations, the fan balance axial force mea- 
surement was used a s  the measure of the thrust performance of the fan. Data a r e  pre- 
sented in terms of a force loading parameter defined as the axial force as measured on 
the fan balance corrected to standard conditions divided by the fan inlet a rea  based on 
the rotor tip diameter (38.6 cm (15.2 in.)). 

a range of fan speeds from 70 to 110 percent of design speed. Tests  were conducted 
with the fan axis both perpendicular and parallel to the tunnel axis. When the fan axis 
was parallel to the tunnel axis, the fan flow induced tunnel airflow velocities, which 
reached values a s  high as 11 meters per second (35 ft/sec). For this case, the axial 

Static conditions. - Figure 8 shows the fan axial force loading with louvers off over 
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force data were corrected for the resulting ram drag force. Both values are very close, 
and a single curve can be faired through the data for both fan orientations. 

range of louver positions. Single curves are faired through the data for the fan oriented 
parallel and perpendicular to the tunnel axis. The data indicate that for this fan design 
the louvers tend to  increase gross thrust at tip speeds above 90 percent of design. It is 
suspected that the louvers increase the fan exit static pressure, thus changing the fan 
operating point, which results in the observed increase in fan gross thrust. A 30' louver 
position at fan design tip speed produced a fan axial-force loading corresponding to the 
combined fan and turbine design thrust loading of 40.6X10 newtons per square meter 
(848 lb/ft2). 

of louver positions. This figure was obtained by cross-plotting the data of figure 9 and 
includes the louver s-off data for comparison. 

Crossflow conditions. - The fan axial force loading at various crossflow velocities 
is presented in figures 11 and 12  for fan speeds of 70 and 100 percent of design tip speed 
and for three angles of attack (0' and ,109. Fan axial force loading is again used as  the 
measure of fan gross thrust. However, the relation between axial force measurement 
and fan gross thrust is more complex for crossflow conditions than for static conditions 
because of the effects of wing circulation on the forces on the fan surfaces. 

Figure 11 presents the louvers-off data. The data show that, at 100 percent of de- 
sign speed, the axial-force loading tended to decrease slightly with increasing crossflow 
velocity but, at the highest crossflow velocity of 73 meters per second (240 ft/sec), the 
axial-force loading approached the same level as that obtained at zero crossflow condi- 
tions. A t  70 percent of design speed, the axial-force loading increased uniformly with 
increasing crossflow velocity through the entire range tested. The data show that at  
both 100 and 70 percent of design speed, the axial-force loading increased as the angle of 
attack increased from -10' to +loo. At  a crossflow velocity of 73 meters per second 
(240 ft/sec), the increase due to angle of attack was around 12 to 15 percent. 

for three wing angles of attack. The data with the exit louvers on at small louver deflec- 
tion angles showed essentially the same general trends with crossflow velocity as the 
data with the exit louvers off. Exit louver deflection had a greater effect on the magni- 
tude of axial-force loading at 100 percent of design speed than at 70 percent of design 
speed a t  the three angles of attack tested. 

flow velocity of 61  meters per second (200 ft/sec) and zero angle of attack. The same 
variation of axial-force loading shown in figure 13 was observed for static tests (fig. 9), 
which indicates that the effect of the louvers is similar for both static and crossflow con- 
ditions. 

8 

Figure 9 presents the fan static axial-force loading with louvers on over the f u l l  

3 

Figure 10 presents axial force loading as a function of fan speed over the full range 

The effect of exit louvers on axial force loading in crossflow is shown in figure 12 

Figure 13 shows the effect of exit louver deflection on axial-force loading at a cross- 



Over a I I Ae rody nam ic  Character ist ics 

Basic wing configuration. - The basic wing configuration is the fan-in-wing with 
covers over the fan inlet and exit. This configuration was tested over the angle of attack 
range *15O a t  various dynamic pressures ranging from 383 to  2870 newtons per square 
meter (8 to 60 lbf/ft2). The aerodynamic characteristics of l i f t ,  drag, and pitching 
moment coefficient for the basic wing configuration a r e  shown in figure 14. The basic 
wing configuration was tested with and without the exit louvers attached to  the wing. 

characteristics a t  negative angles of attack. Addition of the louvers decreased lift and 
increased drag. However, the nose-down pitching moment decreased essentially uni- 
formly over the entire angle of attack range (fig. 14(c)). 

Fan-in-wing configuration; ~~ power-off. - Power-off tests for the fan-in-wing con- 
figuration shown in figure 1 were also conducted with and without exit louvers. In fig- 
ure  15, lift, drag, and pitching moment coefficient data are compared with the basic 
wing configuration. Installation of the fan in the basic wing decreased thelift (less CL 
a t  positive a, and more CL a t  negative CY; fig. 15(a)), increased the drag (fig. 15(b)) 
and decreased the nose-down pitching moment (fig. 15(c)). The effect of exit louvers on 
l i f t ,  drag, and pitching moment was similar a s  that noted previously for the basic wing. 

similar to the effect of spoilers on the top surface of an airfoil, or dive brakes on the 
lower surface of an airfoil (ref. 14). Spoiler or dive brake devices affect the airfoil l i f t  
by changing the pressure loading (difference in upper- and lower-surface pressures) in 
front of the devices to  reduce the airfoil l i f t  and changes the airfoil pitching moment. 
Such devices also increase the flow separation downstream, which produces an increase 
in airfoil drag. This effect on drag was clearly evident in figures 14(b) and 15(b). 

Examples of the effect of louvers on the local (midspan) pressure coefficient distri-  
bution in crossflow a r e  shown in figures 16 to 18. The exit louvers had a greater effect 
on the wing pressure coefficient distribution a t  -10' angle of attack (fig. 16) than a t  + loo  
angle of attack (fig. 18). The greatest effect was observed on the wing louver surface 
over the forward 20 percent of the wing chord. This variation of the pressure coefficient 
with louver position explains the variation of lift and moment coefficients with exit louver 
position shown in figures 15(a) and (c). 

ration without exit louvers and with exit louvers were conducted at various fan tip speeds 
for static conditions and over the full range of tunnel dynamic pressure. 

forces for static tests (zero tunnel velocity) with the fan axis perpendicular to  the tunnel 
axis is shown in figure 19 for a range of fan tip speeds. The data in figure 19(a) show 

- 

A s  indicated in figures 14(a) and (b), the louvers had a significant effect on the wing 

The effect of exit louvers on the wing aerodynamic characteristics can be considered 

Fan-in-wing configuration; power -on. - Power-on tests of the fan-in-wing configu- 

Static case: The effect of louver position on absolute magnitude of overall wing 
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the lift decreases with increasing louver angle deflection. Between a louver deflec- 
of 0' and 30'. the overall lift decreased gradually, but the lift decreases rapidly for 

louver deflection angles greater than 30'. Figure 19(b) shows that the negative drag 
(horizontal thrust) increases with increasing louver deflection angles. The drag varia- 
tions occur continuously for all fan speeds. The observed variations a r e  the result Df 

the combined effects of varying thrust components and possible changes in fan operating 
point with increasing louver position. 

Pitching moment characteristics, as shown in figure 19(c), show a uniform change 
from negative (nose down) to slightly positive (nose up) pitching moment a t  a 40' louver 
deflection at. all fan speeds. This variation is expected because the fan axis is located 
a t  the 40 percent chord position and a negative (nose down) pitching moment is produced 
about the quarter chord point for zero exit louver deflection. A s  the louvers vector the 
jet exhaust aft, the horizontal thrust component produces a positive (nose up) pitching 
moment. A t  40' louver deflection, the moments produced by the horizontal and vertical 
thrust components were nearly equal and combined to yield slightly positive (nose up) 
values of pitching moment. 

louver position a re  shown in figures 19(d) and (e), respectively. The observed variations 
were due to the combined effects of a number of factors that varied a s  louver position 
was changed. These factors were (1) changes in the l i f t  and drag forces of the louver 
vanes which, respectively, opposed the drag and lift forces of the wing, (2) changes in 
the operating point and gross thrust of the fan, and (3) changes in the fan-jet-induced 
flow on the lower wing surface (variation in induced wing lift).  The rapid decrease in 
resultant force after 30' of louver deflection is believed to be due to rapidly increasing 
louver drag. 

pitching moment) in crossflow for the louvers-off configuration a r e  presented in figure 20 
for three angles of attack (0' and &lo? and two tip speeds (70 and 100 percent of design). 
The coefficient data a r e  shown as a function of the speed ratio correlating parameter, 
defined a s  the ratio of the crossflow velocity V to the fan tip speed UT. For high val- 
ues of speed ratio, the data appear to  approach an asymptote, which reflects the dimin- 
ishing effect of the fan thrust. At  an infinite speed ratio, the values should approach the 
power-off values shown in figure 15. At low speed ratio values, the coefficients ap- 
proached infinity, which corresponds to the static test condition (V = 0) where the fan 
produces all the force. The observed variations a r e  similar to those reported in refer- 
ences 5 to 7. 

The variation of overall aerodynamic characteristics with angle of attack a t  a con- 
stant crossflow velocity V of 62.5 meters per second (205 ft/sec) and for the tip speeds 
of 70 and 100 percent of design speed is shown in figure 21. The power-off fan-in-wing 

The variations of magnitude and angle of the overall resultant force vector with 

Crossflow: The overall power -on aerodynamic coefficient data (lift,  drag, and 
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aerodynamics a r e  also included. The increase in lift coefficient above the power-off l i f t  
coefficient was due to  fan thrust and induced wing lift. The power-on Configuration ap- 
peared to approach a stalled condition at around a 13' angle of attack, whereas the 
power-off configuration did not stall over the entire angle of attack range. 

second (205 ft/sec). The increase in drag over the power-off case was due to fan r am 
drag and the component of the axial force (F sin a). At positive angles of attack, the 
axial force component adds to the overall drag, and, a t  negative angles, it subtracts 

Figure 21(b) shows the increase in drag with fan power a t  V = 62.5 meters per 

* from the overall drag. 
The pitching moment data (fig. 21(c)) showed a change from a nose-down moment 

(power off) to a nose-up moment (power on), and only a small change in moment with fan 
tip speed. With the fan thrust axis located a t  40 percent chord, the fan thrust alone 
would be expected to produce a nose-down moment about the quarter chord. However, 
it is known that in crossflow the resultant l i f t  force on the fan inlet bellmouth moves 
forward and that a strong interaction effect occurs between the fan and wing flow fields 
such that a nose-up moment is generated (ref. 15). A comparison of power-off pressure 
coefficients (figs. 16 to 18) with the corresponding power-on variations (figs. 46 to 51 of 
the appendix) reveals the marked difference in pressure distribution on the forward part 
of the wing that resulted from the fan flow. 

the fan-in-wing in crossflow a re  shown in figures 22 to 24. Data a r e  shown for three 
angles of attack and a complete range of exit louver angles. Louver-off data a re  also 
included for comparison. 

Figure 22 shows the effect of louver position on overall lift coefficient a t  three 
angles of attack. The overall l i f t  coefficient of the fan-in-wing configuration with 
louvers on ( p L  = -3O, -2O, and -0 .29  and louvers off a r e  essentially the same. Deflec- 
tion of the louvers aft vectors the thrust forward and decreases the overall l i f t .  This 
effect was shown previously for static conditions in figure 19. The largest affect is a t  a 
low speed ratio (low free-stream velocities) where most of thelift is produced by the fan. 

Figure 23 shows the effect of exit louvers on the overall drag characteristics of the 
fan-in-wing configuration. The addition of louvers at pL = -0.2' increases the drag 
slightly over the louvers-off configuration. Deflecting the louvers aft produces forward 
fan thrust, which acts  opposite to  the drag of the wing and the r am drag of the fan. 
Negative drag (net forward thrust) is then obtained at  various combinations of louver 
angle, angle of attack, and speed ratio. For example, a t  zero angle of attack, the zero- 
drag condition occurs a t  speed ratios of 0.21 and 0.27 for pL = 30' and 40°, respec- 
tively. For low louver deflection angles, the drag is always positive at all angles of 
attack and speed ratios. The trends for low louver angles a r e  similar to the louvers-off 
configuration. 

The effects of exit louvers on the overall power-on aerodynamic characteristics of 
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Figure 24 shows the effect of exit louvers on the overall pitching moment character- 
istics. A comparison of figures 24(a), (b), and (c) shows little variation in pitching 
mx”-:t  coefficient with angle of attack. Addition of undeflected ( p L  = -0.2’) louvers 
slightly increases the nose-down (negative) pitching moment. Vectoring the fan exhaust 
aft at low speed ratio conditions produces positive (nose-up) pitching moments, which 
agrees with the results obtained during static test conditions (fig. 19(c)). At high speed 
ratio values (above 0.24), the louver position has little effect on the overall pitching 
moment. The wing surface pressure coefficient data for the test  conditions shown in fig- 
ures 22 to 24 are presented in figures 52 to 60 of the appendix. 

Wing  and Fan Force Components 

This section will discuss the overall force acting on the fan-in-wing with louvers off 
in terms of lift and drag components. A comparison is made between the overall fan-in- 
wing forces measured on the wing load cells and the axial force of the fan assembly mea- 
sured on the fan balance load cells. Data were obtained over the range of fan speeds 
from 70 to  100 percent of design at zero crossflow velocity. In crossflow, data were 
obtained over a full  range of crossflow velocities, three angles of attack (Oo, * lo?,  and 
two fan speeds (70 and 100 percent of design). 

A comparison of overall lift and fan axial force at zero crossflow velocity and zero 
angle of attack is shown in figure 25. The fan and turbine design thrust point is also 
shown. The wing lift is always slightly greater than the fan axial force. A t  100 percent 
of design speed the difference between the two curves is approximately 5.5 percent of the 
fan axial force. This difference, as mentioned previously, can be attributed to fan flow, 
which produces lift forces on the upper wing surfaces not attached to the fan balance (see 
fig. 5). 

Figures 26 and 27 present the variation of three l i f t  components in crossflow at 
100 and 70 percent of fan design speed, respectively. In each case, variations shown 
a r e  (1) the overall wing lift force L, (2) the overall l i f t  minus the l i f t  component of the 
fan axial force L - FL, and (3) wing lift  with power off. The difference between the de- 
rived lift curve L - FL and the power-off l i f t  curve is an indication of the induced lift 
force on the wing caused by the fan flow. The difference between the two curves is 
greatest a t  zero angle of attack, and least at *loo. In all cases the derived lift curve 
L - FL easily extrapolates to  zero at zero crossflow velocity a s  it should if  the axial 
force measurement is a true measure of the fan gross thrust. 

Figures 28 and 29 present the variations of three drag components in crossflow 
for 100 and 70 percent of fan design speed, respectively. The drag component of the fan 
axial force FD is added vectorially to  the overall drag force D to represent the aero- 
dynamic drag on the wing. The difference between the derived drag curve and the power- 
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__ off drag curve is a measure of the combined effects of the ram (momentum) drag and the 
=interference drag on the wing of the lift fan flow. The largest difference occurs at  -10' 
x angle of attack and the smallest difference at +loo. A s  with the lift curves, the derived 

curve D - FD easily extrapolates to zero a t  zero crossflow velocity. .- 

Addit ional Invest igat ions 

Additional investigations were conducted to evaluate the effect of possible fan system 
. = components on fan performance. Three installation components or  effects were inves- 

tigated: (1) annular inlet vanes, (2) inlet surface discontinuities, and (3) inlet and exit 
start-up devices. 

Inlet vane configurations. - For a fan-in-wing operating in crossflow, flow separa- 
tion can occur on the forward portion of the fan inlet bellmouth. If separation occurs, a 
portion of the inlet flow area is blocked and losses in performance result (refs. 16 
and 17). The basic fan-in-wing model was fitted with an annular inlet vane. The pur- 
pose of the vane was to suppress or delay separation on the forward section of the inlet 
bellmouth. Two vanes were designed: (1) a 90' a r c  vane with a constant thickness cross  
section and (2) a 180' a r c  vane with an airfoil cross section. 
of the two vanes, and figure 31 shows the 180' a r c  airfoil vane installed in the model fan 
inlet. 
vane, respectively. 

over fan speeds ranging from 70 to  110 percent of design. Figure 34 indicates that the 
180' a rc  airfoil vane had little effect on the fan static performance over the range of 
louver positions and fan speeds tested. 

crossflow velocities and at three angles of attack (Oo, 110'). 
fects of the two vane configurations on the fan axial force loading in crossflow for the 
conditions noted. The performance of the fan with the vanes installed differed only 
slightly from the no-vane configuration. Figure 36 compares the effects of the two vane 
configurations on the fan axial-force loading for various angles of attack at a fixed 
crossflow velocity. For a louver angle of -2O, both vane configurations improved the 
fan performance slightly, mostly at positive angles of attack. 
+40°, the axial-thrust loading increased for the 180' airfoil vane but decreased a like 
amount for the 90' vane. The negligible effect of the inlet vanes on the axial-force load- 
ing may indicate that any improvement in boundary-layer condition was counterbalanced 
by the extra losses added by the presence of the vanes. 

frame, doors will be used to cover the fan opening to reduce the aircraft drag during 

Figure 30 is a photograph 

Figures 32 and 33 present the design details of the 90' a r c  vane and the 180' a r c  

The 180' a r c  airfoil vane was  tested with the exit louvers on, under static conditions 

Both inlet vanes were tested at 100 percent of fan design speed over the fu l l  range of 
Figure 35 compares the ef- 

For a louver angle of 

Bellmouth surface discontinuities. - When a l i f t  fan system is installed in the air- 
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cruise. When these doors a r e  opened during lift-fan operation, discontinuities or  steps 
can be present in the surface near the inlet of the fan. Performance losses  could result 
if  the discontinuities disturbed the fan flow. 

These were (1) a surface ramp, (2) a wire ring, and (3) a gap. Figures 37 to  39 show 
installation features and construction details of the three configurations tested. The re- 
sults of static tests are shown in figure 40, and the crossflow test results at three angles 
of attack are shown in figure 41. The inlet surface discontinuities produced a slight in- 
crease in axial-force loading at high tip speeds at static conditions, and there was a 
slight reduction in axial-force loading at high free-stream velocities during crossflow 
testing. 

Windmill characteristics. - In-flight startup of lift-fan engines may require an in- 
creased torque because of reverse  windmilling. External devices can be used to  wind- 
mill the fan in the proper direction in order to  reduce the starting torque requirement 
(ref. 18). Two such devices were tested: (1) a startup fence on the upper surface of the 
wing at the aft end of the bellmouth, and (2) a single-exit louver on the lower surface at 
the forward part  of the fan duct of the wing. Installation and construction details are 
shown in figures 42 to  44. Windmill tests of the fan-in-wing configuration with and with- 
out exit louvers were also conducted. 

The results are shown in figure 45. The fan power-off rotational speed is shown as 
a function of angle of attack at a fixed crossflow velocity. The startup devices are com- 
pared with the fan-in-wing model with and without exit louvers. In general, the fan rotor 
rotation was positive at  negative angles of attack and was negative at positive angles of 
attack. The clean inlet configuration with louvers off had the worst negative windmill 
condition (-173 rad/sec (-1650 rpm)) . The addition of exit louvers reduced the magnitude 
of the negative rotational speed but did not change the direction of rotation at high angles 
of attack. The single louver and full exit louvers had essentially identical characteris- 
t ics.  

The startup fence without exit louvers sustained a positive windmill rotation of 
68 radians per second (650 rpm) or 2.5 percent of design speed up to an angle of attack 
of 8'. However, the maximum positive windmill speed was not increased using the 
startup fence. 

Three types of surface discontinuities were tested using the fan-in-wing model. 

SUMMARY OF RESULTS 

Tests were conducted to determine the forces on a 1.28-pressure-ratio VTOL model 
lift fan-in-wing installation under static and crossflow conditions. The results a r e  sum- 
marized as  follows: 
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1. The addition of the fan (power off) and louvers to  the basic wing configurations r e -  
duced the aerodynamic performance of the wing (e.g. , l i f t  decreased and drag increased). 

2. A t  static conditions, the axial force of the fan assembly increased with increas- 
-1 ing louver deflection angle at design tip speed. Design force was attained when the lou- 

decreasing fan speed. 
3 .  A t  design speed, the axial force of the fan assembly without louvers tended to  de- 

- crease slightly and then increase slightly with increasing crossflow velocity. At 70 per- 
- cent of design speed, the fan-assembly axial force increased significantly with increas- 

a = ing crossflow velocity. Increasing wing angle of attack from -10' t o  +lOOcaused an in- 
crease in fan-assembly axial force in all cases. At a crossflow velocity of 73 meters  
per second (240 ft/sec) the increase due to angle of attack was around 12  to  15 percent. 

4. A t  design fan speed and crossflow conditions, exit louvering increased the mag- 
nitude of the fan-assembly axial force,  as in the static case,  but had little effect on the 
variation with crossflow velocity. At 70 percent of design speed the louvers had little 
effect on the fan axial force in crossflow. 

5. With fan power on, exit louvering changed the overall wing forces as expected: 
lift decreased, negative drag (horizontal thrust) increased, and the pitching moment 
about the quarter chord changed significantly from a large negative (nose down) value to 
a slightly positive (nose up) value. 

forces increased and pitching moment became more positive (nose up) as fan power was 
increased. Induced effects on overall aerodynamics were evident, with magnitude de- 
pending on wing angle of attack. 

7.  The addition of annular inlet vanes to  suppress or delay separation on the for-  
ward section of the inlet bellmouth had little effect on the fan-assembly axial force in 
static and crossflow conditions. 

- 

- vers  were in the 30' position. The effect of louvers on fan axial force decreased with 

6. Comparison of power -on and power -off data showed that overall wing l i f t  and drag 

8. Discontinuities on the surface of the fan inlet bellmouth (e. g . ,  gap, ring, ramp) 
had little effect on the axial force of the fan assembly for both static and crossflow con- 
ditions. 

in-flight starting, the most effective device was a fence on the upper surface of the wing 
at the aft end of the bellmouth. This device sustained proper rotation to + 8 O  angle of 
attack; however, the maximum windmill speed w a s  only 2.5 percent of design speed. 

9. For  the external devices used in windmill the fan in the proper direction to aid 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, November 4, 1971, 
764-72. 
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APPENDIX - WING SURFACE PRESSURE COEFFICIENT DATA 

This section presents the power-on midspan wing surface static pressure coeffi- 
cient data obtained during this investigation (figs. 46 to  60). The wing airfoil section di- 
mensions a re  shown in figure 2 (p. 21). 
wing upper and lower surfaces along the chord at the midspan position of the wing a s  
shown in figure 2 .  

The fan axis is located at the 40 percent chord position. The fan was installed be- 
tween the taps located at the 17.22 and 60.93 percent of chord and covered the interval 
Setween 20 and 60 percent of the wing chord. Consequently, there were no static- 
pressure data shown for this interval. The static taps on the lower surface at the 
x/c = 17.22 and 60.93 percent of chord positions were located near the lower surface fan 
exit fairing. The presence of the fairing may have had a slight effect on the static pres- 
sure  readings a t  those locations. In addition, when the exit louvers were in place 
(fig. 42), the louver actuator may also have had some effect on the aft lower surface 
static pressure measurements. 

fan speeds from 70 to  100 percent of design, a fu l l  range of crossflow velocities from 
2 1  to  73 meters  per second (70 to  240 ft/sec), and three angles of attack ( O o ,  *loo). The 
test data with the louvers on covers the entirelouver position range from -3' to 40'. 
The data figures a r e  grouped as shown in table IV. 

The figures for pressure coefficient shown in this appendix were plotted by com- 
puter and photographed on microfilm. The data points were connected by straight lines; 
therefore, the lines between the points at 17.22 and 60.93 percent of chord are not rep-  
resentative of the actual wing pressure coefficient distribution over that interval. 

The static pressure taps were located on the 

Data are presented for the louvers off and louvers on configurations over a range of 
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TABLE I. - LIFT FAN DESIGN CHARACTERISTICS 

Pressure ratio. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.28 
Corrected tip speed, m/sec (ft/sec) 299 (980) 
Corrected mass flow, kg/sec (lbm/sec) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  18.0 (39.8) 
Actual thrust, N (lbf) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3620 (815) 
Inlet Mach number. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.60 
Rotor blade (double circular a r c  airfoil section): 

Number of blades . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  35 
Tip diameter, cm (in.) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  38.6 (15.2) 
Aspect ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2.7 
Hub-tip ra t io .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.463 
Solidity (tip) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.25 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Stator blade (NACA-65 series airfoil section): 
Number of blades . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  36 
Aspect ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3.0 
Solidity (tip) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 . 0  

18 



TABLE 11. - DRIVE TURBINE DESIGN CHARACTERISTICS 

2 Inlet pressure,  N/m (psi) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6. 89X106 (1000) 
Inlet temperature, K (%) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 350 (630) 
Actual weight flow, kg/sec (lbm/sec). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 .41  (9.72) 
Corrected speed, rad/sec (rpm) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1520 (14 550) 
Actual thrust, N (lbf) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1310 (294) 
Overall total efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0 .534  
Overall corrected enthalpy, J /kg  (Btuhbm) . . . . . . . . . . . . . . . . . . . . . . , . . . . . 95  500 (41.0) 

TABLE DI. - ACCURACY AND REPEATABIUTY RANGES 

2 2 Tunnel dynamic pressure,  N/m (lbf/ft ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . k 1 9 . 2  (kO.4) 

Wing lif t ,  N (lbf) 
Wing drag, N (lbf) . . . . . . . . . . . . , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . k 1 7 . 8  ( t 4 )  

k2 .22  (k0. 5) 
Wing moment, m-N (ft-lbf) . . . . . . . . . , . . , . . . . . . . . . . . . . . . . . . . . . . . . *7.  84 (-1-5.8) 
Wing angle of attack, deg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . k0. 1 
Exit louver position, deg . . . . . . . . . . . . . . . . . . . . . . , . , . . . . . . . . . . , . . . . . . k O . 1  

Fan axial force,N (lbf) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . k13.3 (k3) 

TABLE IV. - LIST OF APPENDIX FIGURES 

Figure 
number 

46 
47 
48 
49 
50 

5 1  
52 
53 
54 
55 

56 
57 
58 
59 
60 
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Figure 1. - Fan-in-wing model in 2-74- by 4.58-meter(9- by 15-ff) V/STOL 
wind tunnei. 
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Figure 2. - Wii lg a i r f o i l  section dimensions and midspan static-pressure tap locations. ( A l l  dimsnsions are in 
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Figure 37. - Surface ramp installation. 

Figure 38, ~ Wire r lng installation. 
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